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[57] ABSTRACT

A method and apparatus for addressing compressed
nodes in a database structure is disclosed in which each
compressed node is associated with a particular map-
ping function and each element in the node is assigned a
particular identification code. The character to be
searched is converted into a physical address having a
first portion which is used to index to a particular ele-
ment in a compressed node, and a second portion which
is used to verify that the selected element corresponds
to the search character.
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METHOD AND APPARATUS FOR POINTER
COMPRESSION IN STRUCTURED DATABASES

FIELD OF THE INVENTION

The present invention relates to an improved method
and apparatus for performing pointer compression in
structured databases.

BACKGROUND OF THE INVENTION
I. Database searches

A computerized database is a collection of informa-
tion that is organized for ease of retrieval. Such data-
bases are generally organized in a structured pattern.
One such structure is known as a TRIE-structure.

In a traditional TRIE-structured database informa-
tion is located through searches that employ TRIE-
nodes. Such TRIE-nodes are supported by memory,
and each contains a list, e.g., of sixteen elements, each
element corresponds to one of sixteen possible charac-
ters.

Using such a TRIE-structure, string words of arbi-
trary length may be searched. First, the string word
being searched is divided into several characters, each
being four bits in length for the above example (i.e., a
sixteen element node). Next, the first character of the
word being searched is used to index into the first
TRIE-node.

The element corresponding to the character being
searched may be one of three types:

(1) The element may be a NODE pointer which
points to another TRIE-node. A NODE pointer indi-
cates that, as of the character being searched, an entry
in the database matches the string word being searched.
1f a NODE pointer is found using the first character as
an index into the first node, the second character in the
string word is then used to index into the node refer-
enced by the NODE pointer. If another NODE pointer
is found, the process repeats, this time using the third
character of the string word as an index.

(2) The second type of element which may be refer-
enced in a node is a NIL or NULL pointer. A NIL
pointer indicates that the database holds no entries that
match the string being searched beyond this point.
When a NIL pointer is found, the search stops.

(3) The third possible element in a node is a LEAF
pointer. A LEAF pointer indicates that a match has
been found with an element in the database, and that no
more searching is required. A LEAF pointer marks the
end of a successful search, and may point to the start of
some other process.

A example of a search using a traditional TRIE-struc-
tured database is given in FIG. 1. FIG. 1 illustrates a
traditional TRIE structured database (10). The TRIE-
structure includes nodes A (11), B (13), C(15), and D
(17). String word (00) is illustrated as an exemplary
word to be searched. As may be seen, string word (00)
is divided into four characters (01,02,03,04) each four
bits in length.

The first character (01) is used to index into the first
node, node A (11). Since the first characteris 1110, 0or E
in hexi-decimal (hereinafter Eh), the fifteenth element
(12) is checked. In the example the element correspond-
ing to Eh (12) contains a NODE pointer which points to
node B (13). Thus, the search continues at node B.

The second character of the string word (02), Ah, is
used to index into node B (13) where another node
pointer is found. This pointer points to node C and thus
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2
the search continues at node C using the third character
{03), 8h, of the search word. In node C, the element
corresponding to 8h is a pointer to node D.

The process continues until at node D (17) a LEAVE
pointer is found in the element corresponding to the
fourth character (04), 3h. At this point the search is
complete, and the process referenced by the LEAF
pointer is begun.

Had the fourth character of the string word been a
Oh, the element corresponding to Oh (18) would have
been selected. Since a NIL pointer is located at this
element, the search would have been terminated as
there is no element in the database that matches such a
string word.

Pointer Compression

As the example TRIE-structure illustrates, each node
requires some amount of memory to support its 16 ele-
ments. Since many of these elements contain essentially
useless information (i.e., NIL pointers), a substantial
amount of memory space is wasted. For reasons of
performance and economy, it is desirable to minimize
the amount of memory required to support the TRIE-
nodes.

To eliminate some of the wasted memory, prior art
databases have used a method know as “‘pointer com-
pression.” In traditional pointer compression, the NIL-
pointers of a particular node are eliminated by com-
pressing the non-NIL pointers of that node into a con-
tiguous list, or compressed node.

An example of such pointer compression is given in
FI1G. 2. There, a node (20) having 4 non-nil elements is
compressed into a node (22) having only four, contigu-
ous, non-nil elements. By using this method, a sixteen
element node can be compressed into a node having
from between | and 15 non-nil elements. As may be
seen, the pointers from the full node are copied into the
compressed node in the order that they are found in the
full node.

Once a node is compressed, the elements in the node
can no longer be directly indexed by the search charac-
ters. The search characters now represent a “logical”
address (i.e., where the element would be if there were
no compression), while the actual elements reside at a
“physical” address (where the elements are located in
memory).

To support pointer compression, some means of pro-
viding a logical to physical index translation are re-
quired. In the past, a sixteen bit ““Bit-mask” has been
used to perform such a translation.

The bit-mask is a sixteen bit code that provides infor-
mation describing the node prior to compression. Once
the full node is built, each element in the node is exam-
ined. Every non-NIL pointer in the node causes the
corresponding bit in the bit-mask to be set to one. For
the exemplary node (20) in FIG. 2 the bits for element
1h, 3h, 7h, and Bh would all be set to one since non-nil
pointers correspond to these indexes. Such a bit-mask is
illustrated as bit-mask (25).

When a search is made on such a compressed data-
base, the search character of the string now serves as an,
index into the bit-mask, not into the node. The corre-
sponding bit element in the bit mask is then examined. If
it is a 0, then the corresponding pointer is NIL (i.e., not
present); if the bit is a 1 then a non-nil pointer at the
node corresponds to the character presented.
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To access the correct pointer, one of two methods
may be used. In the first method, a count is made of all
the 1’s that are set with an index lower than the bit of
interest. This count provides the number of pointers
that are physically present at the node which are listed
before the pointer of interest. In this manner, the count
provides an index into the compressed node.

In the second method, the sixteen bit mask is com-
bined with the four bit search character, and this 20 bit
code is used to address an element in a look-up table.

This type of pointer compression is better explained
by reference to FIG. 2. For example, if the character to
be searched at compressed node (22) is Bh, the bit corre-
sponding to Bh will be examined in bit-mask (25). Since
the bit is a 1, a non-nil pointer is present and following
the first method a count will be made of all of the bits
with an index of less than Bh. (Alternately a look-up
table could be used) This count, three, will be used as an
index into the compressed mode where the fourth
pointer (element 3) will be located. In this manner the
logical address may be converted into the physical ad-
dress.

This method of pointer compression has several
drawbacks. First, the hardware, or software required to
implement the counting is oftentimes too slow for high-
speed applications. Alternatively, the faster look-up
table requires a large amount of memory (2**20 or 1
Meg.) This extra-memory (to support the bit-mask) may
offset the memory gain realized by using pointer com-
pression.

SUMMARY OF THE INVENTION

The present invention provides a method and appara-
tus for eliminating wasteful NIL-pointers through
pointer compression while providing high-speed logical
to physical index translation. The present invention
effects such a translation at a faster speed, and with less
memory use than prior art systems.

In contrast to the sixteen bit bit-mask, the present
invention utilizes a four bit NODE-TYPE and a two bit
POINTER-ID to accomplish the logical to physical
translation.

Not all NIL pointers are removed in the present in-
vention, only most of them. It has been found with the
invention that complete pointer compression does not
necessarily give any advantage over partial compres-
sion. In particular, it has now been demonstrated that
there is no point in compressing a node to any size other
than a power of two.

Since total compression is not required, the present
invention uses only two type of nodes; nodes having
sixteen elements (Full Nodes), and nodes having four
elements (Compressed Nodes). Thus, any node origi-
nally having more than four non-nil pointers is left as a
full node, while nodes having fewer than five non-nil
pointers are converted into four element compressed
nodes.

Elements in full nodes are indexed as if there were no
pointer compression.

Each compressed node is associated with one of fif-
teen NODE-TYPEs. Each NODE-TYPE is made up of
four bits and is further associated with a particular hard-
ware (or software) configuration. When a particular
node is selected (by a NODE-pointer in a previous
node) so too is the corresponding NODE-TYPE.

The NODE-TYPE is used to either select and/or
control particular hardware. The bits comprising the
character to be searched at that node are used as inputs
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4
into the selected hardware. The hardware (which may
be implemented in software) produces a four-bit signal,
part of which is used as an index to the pointers in the
compressed node.

The signal produced by the hardware (or software)
represents the physical index that corresponds to the
input search character. This physical index may be
obtained from the input search character through the
use of a mapping function which may be represented as
a translation matrix.

Each pointer in a compressed node is associated with
a POINTER-ID. The POINTER-ID is a two bit code
that specifies which character value the pointer is asso-
ciated with.

To perform a search at a compressed node, the four-
bit NODE-TYPE is used to select or control a particu-
lar hardware. This arrangement, using the bits of the
search character as inputs, produces a four-bit output
signal.

Two of the output bits are used as an index into the
pointers contained in the node. Once a pointer is se-
lected the POINTER-ID which is associated with that
pointer is compared to the other two bits of the output
signal to determine if the character being searched
matches the character represented by that pointer. If a
match is found, the search continues. If no match is
found, then the word being searched is not in the data-
base, and the search terminates.

In an alternate embodiment, the logical to physical
conversion is accomplished through software, not hard-
ware. In a still further embodiment, the four-bit NODE-
TYPE may be combined with the four-bit character
code to address a look-up table.

The hardware required to implement the logical to
physical translation of the present invention is suffi-
ciently simple and efficient to provide a great advantage
in speed over the prior art.

Further, the simple descriptors employed in the pres-
ent invention (NODE-TYPE and POINTER-ID) pro-
vide memory savings over the prior art. For example, if
look-up tables are used: prior-art devices require a look-
up table with 2**20 (or 1,048,576) entries (16 bits for the
bit mask and 4 bits for the character). The present in-
vention requires a table having 2**8 or 256) entries (4
bits for the NODE-TYPE, 4 for the character).

Summarizing an embodiment of the invention from
the operational perspective: The node to be addressed is
first checked to see if it is a compressed node or a six-
teen element node. If it is a full node, then the search
character is used as a direct index into the node.

If the node to be searched is a compressed node then
the search character is translated into a physical address
by performing a mapping function which may be repre-
sented by a translation matrix. The bits comprising the
translated address represent the row and the column
values of the translation matrix in which the search
character is found.

The row value from the output physical address is
then used to address one of the pointers in the com-
pressed node. Each such pointer includes a POINTER-
ID which indicates which column of the translation
matrix that pointer is associated with. Once the appro-
priate pointer is located (through the use of the output
row bits) the POINTER-ID and the output column bits
are compared to determine if the located pointer corre-
sponds to the specific character being searched.

If the column bits match, the search continues using
the address contained in the located pointer. A mis-
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match of the column bits indicates that a NIL pointer
was in the search character’s position in the associated
sixteen element node, and that searching should termi-
nate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a database search using a traditiona)
TRIE-structured database.

FIG. 2 illustrates a database search employing a 16-
bit bit-masks to perform pointer compression.

FIGS. 3A, 3B and 3C list the various NODE-TYPEs
utilized in the present invention, along with the associ-
ated translation matrices.

FIG. 4 illustrates an improved method for pointer
compression.

FIG. § illustrates an inductive method of building a
TRIE-structured database.

FIG. 6 provides two examples of pointer compres-
sion using NODE-TYPEs and POINTER-IDs.

FIG. 7A illustrates one method of maintaining the
node memory.

FIGS. 7B, and 7C illustrate node swapping using a
single list of free memory.

FIG. 8 is a block diagram of one embodiment of the
present invention.

FIGS. 9A, 9B and 9C list each NODE-TYPE, its
associated translation matrix, and a hashing matrix for
each NODE-TYPE.

FIGS. 10A, and 10B illustrate the exclusive-or opera-
tion and symbol.

FIG. 11 illustrates one possible hardware implemen-
tation of the hashing matrices.

FIG. 12 illustrates one possible software implementa-
tion of the hashing matrices.

FIG. 13A illustrates the building of an exemplary
database.

FIGS. 13B1 and 13B2 illustrate the filled, uncom-
pressed database.

FIGS. 13C1 and 13C2 illustrate the compressed data-
base using NODE-TYPEs and POINTER-IDs.

FI1GS. 14A and 14B illustrate exemplary searches
done on the example database.

FIG. 15A illustrates the memory arrangement of one
possible embodiment of the present invention.

FIGS. 15B1, 15B2, 15B3 and 15B4 illustrate the bit
breakup of a node-pointer utilized in the example em-
bodiment.

FIG. 15C is a schematic diagram of one embodiment
of the present invention.

FIGS. 15D, 15E, 15F1 and 15F2 illustrate the signal
flow through the example embodiment.

DESCRIPTION OF A SPECIFIC EMBODIMENT

As discussed above, in the present invention full
nodes (nodes with 16 elements) are indexed as if there
was no pointer compression. As such, all references to
TRIE nodes will be toward compressed nodes (node
with four elements) unless otherwise specified. In addi-
tion to pointer compression, “path compression™ is also
employed. Path Compression eliminates all nodes hav-
ing only one non-nil element. A method and apparatus
for performing path compression is described in the
patent application entitled COMPRESSED PREFIX
MATCHING DATABASE SEARCHING, filed on
Jul. 12, 1989, Ser. No. 378,718, now abandon which is
hereby incorporated by reference.
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I. THE NODE-TYPE AND ASSOCIATED
HARDWARE

Since each compressed node has four elements, with
each element corresponding to one of sixteen possible
characters there are 1820 possible combinations of four
characters (i.e, 16-chose-4, 16!/[12! *4!]) that may corre-
spond to any given compressed node. The present in-
vention utilizes fifteen four-bit NODE-TYPEs and four
two-bit POINTER-IDs to describe all possible element
combinations, and thus all possible compressed nodes.

As discussed above, in the present invention each
compressed node is associated with a four-bit NODE-
TYPE. Each NODE-TYPE is associated with particu-
lar hardware (or software) which is capable of perform-
ing a particular logical to physical index translation.
These NODE-TYPEs represent the possible combina-
tions of logical indices that may be translated by the
hardware associated with each NODE-TYPE. Since
there are fifteen possible NODE-TYPEs, four bits are
required to indicate the appropriate NODE-TYPE se-
lected.

The hardware associated with each NODE-TYPE
operates in response to the character being searched at
that node. As previously discussed, the search character
is a portion of the string word being searched, and is
usually four-bits in length. Being four bits in length,
each search character may be referred to by its hexi-
decimal equivalent. For example search character 1111
is equivalent to Fh, while 1001 is equivalent to 9h. Un-
less otherwise specified, the search characters will be
referred to in hexi-decimal form.

Each NODE-TYPE and a corresponding translation
matrix is illustrated in FIGS. 3A-3C. The translation
matrices represent possible combinations of characters
(logical indices) that may be translated by each of the
fifteen hardware arrangements.

The 15 translation matrices shown are only one possi-
ble set of 15. There are many other sets of 15 translation
matrices that are functionally equivalent to those illus-
trated. Such equivalent matrices may be easily derived
from those illustrated.

The hardware (or software) implementation is capa-
ble of translating character combinations from a logical
index to a physical index. The translations performed by
each hardware (or software) arrangements are repre-
sented by the associated matrices.

When a full node is compressed to a compressed
Node (or a compressed node is constructed) it is gener-
ally known which four characters are associated with
that compressed node. For example, for the compressed
node discussed earlier (FIG. 2 (22)) it is known that the
compressed node corresponds to the characters 1h, 3h,
7h, and Bh. Given any compressed node, and its corre-
sponding characters, the translation matrices may be
used to select an appropriate NODE-TYPE.

These translation matrices may be interpreted as fol-
lows: The hardware or software associated with each
NODE-TYPE can be used to translate from logical
indices to physical indices the character codes for any
node having one element corresponding to a character
from row 0, another corresponding to an element from
row 1, and two others corresponding to a character
from each of rows 2 and 3. The characters comprising
each combination may be selected from any column as
long as there is only one element selected from each
row.
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For example, the hardware associated with NODE-
TYPE 0001 is capable of performing translations for a
compressed node corresponding to the characters 3h,
6h, 8h, Eh. This is because each character is located in
a distinct row of the translation matrix. The same hard-
ware could perform translations for a node having ele-
ments corresponding to the characters Oh, 5h, Fh, and
Dh or the characters 3h, 1h, 8h, Ah since each of these
characters is in a distinct row of the translation matrix.

However, using the same hardware (NODE-TYPE
0001), it would not be possible to translate a combina-
tion of 6h, Bh, Ch, and Dh, as the characters Bh and Ch
are located in the same row (row 2) of the translation
matrix. For such a combination another hardware com-
bination, such as the one represented by NODE-TYPE
1001, is required. NODE-TYPE 1001 has 6h in row 2,
Bh in row 3, Ch in row 0 and Dh in row 2.

As this example illustrates, it is not necessary that the
characters be found in the same order in the translation
matrices as they are in the full node. The only require-
ment for selecting a NODE-TYPE given any given
combination of four characters is that each character be
found in a distinct row of the translation matrix.

In this manner, it is possible to select the appropriate
NODE-TYPE and its associated translation hardware
or software once the four characters corresponding to a
given node are known. For example, if the compressed
node in FIG. 2 (22) is to be translated with the present
invention, a NODE-TYPE of 1111 would be selected.
This NODE-TYPE is selected since each of the four
characters corresponding to the node are found in dis-
tinct rows of the translation matrix associated with
NODE-TYPE 1111

Once the proper NODE-TYPE is selected, it is
known that the hardware or software associated with
the NODE-TYPE 1111 is capable of performing appro-
priate logical to physical translations for a node having
characters corresponding to th, 3h, 7h, and Bh.

The NODE-TYPE for a particular node may be
stored in a particular memory space associated with that
node. In one embodiment, the NODE-TYPE for each
node is stored along with the pointers that point to the
node. In this embodiment, each node pointer not only
contains a pointer address indicating the location of the
next node, but a NODE-TYPE indicating the transla-
tion matrix to be implemented at the next node.

Since there are only fifteen NODE-TYPEs one four
bit combination (0000) is not used. Thus, a NODE-
TYPE of 0000 may be used to indicate that the next
node is a full (sixteen element) node.

I1. POINTER-IDs

In addition to NODE-TYPEs, the present invention
utilizes a two bit code known as a POINTER-ID to
implement the logical to physical index translation for
compressed nodes. Each POINTER-ID is a two-bit
code which represents the character associated with
each pointer in a compressed node. While each node is
associated with one of fifteen NODE-TYPEs, each
element within a node is associated with one of four
POINTER-IDs. The POINTER-IDs may be selected
only after the NODE-TYPE for a given node is known.

The POINTER-IDs indicate which character a par-
ticular element in a node corresponds to. As discussed
above, each translation matrix is a2 4 X4 representation
of the specific translation effected by the hardware or
software associated with each NODE-TYPE. The
NODE-TYPE:s only indicate that a particular node may
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represent any one of 256 possible combinations (e.g.,
1-of-4 elements from row 0, 1-of-4 from row 1, etc. .. ).
The POINTER-IDs are used to indicate which particu-
lar characters correspond to a given compressed node.
The POINTER-IDs may be interpreted as a binary
representation of the particular column in the transla-
tion matrix that the particular element in the com-
pressed node corresponds to.

For example, if it is known that a given node corre-
sponds to the characters 3h, 2h, Ch, and Dh, NODE-
TYPE 0001 may be selected (since each character is in
a distinct row), The NODE-TYPE 0001, however, does
not uniquely describe the given node. For example
NODE-TYPE 0001 could also represent a node corre-
sponding to 7h, 5h, Fh, and Dh.

To fully describe the node, POINTER-IDs are re-
quired. As discussed above, a POINTER-ID is associ-
ated with each element in a compressed node. In the
above example (node corresponding to 3h, 2h, Ch, and
Dh), the POINTER-ID for the first element would be
01, since the character 3 is in column 1 of the translation
matrix. Since the second element corresponds to the
character 2h, it will be associated with POINTER-ID
00 as 2h in column O of the translation matrix. In a like
manner, the POINTER-IDs for the third and fourth
element may be determined. The third element’s
POINTER-ID would be 10 (as Ch is in the 2nd column
(10 binary = 2)), and the fourth element’s POINTER-ID
would be 11 (for column 3).

FIG. 4 provides an illustrative example of node com-
pression using both a NODE-TYPE and POINTER-
IDs. In the example, a full node, node C (60) is first
compressed into a compressed node, node C’, having
four elements (62). As the full node had non-NIL point-
ers corresponding to 3h, 6h, 8h, and Eh, a translation
matrix must be selected wherein each of the above char-
acters is in a separate row. Since the translation matrix
corresponding to NODE-TYPE 000! meets the row
requirements, it will be selected.

During a search the NODE-TYPE for NODE-C'
would have been assigned at the same time the pointer
to node C’' was referenced.

The pointers from the full node may then be moved
into position in the compressed node. The order should
follow that given in the translation matrix for NODE-
0001 (i.e., the pointer corresponding to character 3h
first, 6h second . . . etc.)

In addition to the pointer value, a POINTER-ID is
stored with each element in the compressed node. The
POINTER-ID corresponds to the column where the
character corresponding to that pointer resides in the
selected translation matrix. In this example the POINT-
ER-ID for the first element will be 01 since the charac-
ter 3h is in the Ist column of the translation matrix
corresponding to NODE-TYPE 0001.

In a like manner, the POINTER-ID for the second
element will be 10, since character 6h is in the second
column. The POINTER-IDs for the third and fourth
elements will be 00, and 10 respectfully.

By following the above procedure a compressed
TRIE-structure may be built. For each compressed
node a suitable NODE-TYPE is selected. Given the
selected NODE-TYPE and its associated translation
matrix, suitable POINTER-IDs may be selected and
entered into the node.
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1I. BUILDING A COMPRESSED TRIE
DATABASE.

Starting from scratch, there are at least two methods
for building a compressed TRIE database. The first
method is known as the inductive method, and the sec-
ond as the parallel method.

A. INDUCTIVE BUILD

In an inductive build, the entries to be inserted into
the TRIE-structure are inserted one after another.
When the first entry is entered, a root node is created.
From there subsequent nodes are created to correspond
to each character of the string to be inserted. Each
pointer of the newly created node (other that the char-
acter for which it was created) is set to a NIL-pointer.
Subsequent entries are first matched against the existing
TRIE. When a new entry is not a duplicate, a new
branch is constructed to hold the new entry.

FIG. S gives an example of such an inductive build.
First the string 0001 1101 1011 0110 is entered into
TRIE. As it is the first entry, four nodes are created.
The second entry 0001 1101 1111 0001 matches the first
TRIE branch through the first two nodes. Since there is
no element that corresponds to 1111, Fh, a new branch
needs to be created. As such a branch is required to be
made at the third node, one additional node is added. A
branch is made by changing a NIL-pointer into a non-
NIL pointer to either point to another node, or indicate
that a matching entry has been found (i.e., a LEAF
node).

Since it cannot be determined at the time of building
a new node how many pointers will be placed in the
node, it is advisable to create all new nodes as full nodes
(i.e., 16 pointers). Once the TRIE is built the full nodes
with four or less non-nil pointers can be converted into
a compressed node.

B. PARALLEL BUILD

In order to perform a parallel build all entries to be
placed in the database must be available for simulta-
neous inspection.

Building starts by taking a copy of the first character
of each entry and throwing it into a “bucket.” All dupli-
cate characters are thrown out, and what is left are the
characters that need to have corresponding pointers in
the first node. Since no new entries will need to be
placed in the node, a compressed node can be created if
needed.

Once the first node is constructed, the exit pointer
corresponding to the first root-node character is se-
lected. The second character of each entry whose first
character matches the character corresponding to this
first root-node character is then thrown into a new
bucket. The process of throwing out duplicates and
constricting a new node is repeated.

This type of building may continue in one of two
fashions. In a breadth-first fashion, each node is filled
prior to the construction of any following nodes. In a
depth-first construction each select subset of database
entries is filled before moving to the next pointer at a
previous node.

C. SELECTING THE NODE-TYPE

Once the TRIE-structure is constructed, the nodes
having less that five non-nil pointers may be com-
pressed into compressed nodes. When a compressed
node is constructed (by either parallel or inductive
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10
construction) a NODE-TYPE is first associated with
each compressed node.

One possible method for selecting an appropriate
NODE-TYPE is to systematically compare the charac-
ters corresponding to the four node elements with the
various matrices in FIGS. 3A-3C. If a matrix is found
where the four characters reside in distinct rows then a
match has been made. The NODE-TYPE correspond-
ing to the translation matrix is then associated with the
compressed node, and the elements are then placed in
the compressed node in the order dictated by the
matching matrix.

If fewer than four characters correspond to a node,
some dummy character (e.g., 0) may be used when
selecting a NODE-TYPE. When the node holding
these characters is built, the node corresponding to the
dummy character is given a NIL-pointer.

In the interests of speed, an alternate method may be
used to select the appropriate NODE-TYPE for any
given compressed node. In this method a look-up table
is employed. To use the look-up table, the four given
characters associated with non-nil elements are com-
bined into a 16-bit code. This code is used to address a
64K entry look-up table which will return an appropri-
ate NODE-TYPE. The look-up table may also return
some indication of the order in which the four charac-
ters are to be assigned at the node.

Construction of the look-up table may be accom-
plished by taking each of the 64K entries and determin-
ing which four characters address that entry. The trans-
lation matrices may then be linearly searched until an
appropriate matrix is found. The NODE-TYPE corre-
sponding to this matrix may then be stored in the look-
up table.

Once the NODE-TYPE for a given node is selected,
the pointers from the full node may be copied into the
corresponding elements of the compressed node. As the
pointers are moved to the compressed node, a POINT-
ER-ID for the associated character is assigned to each
pointer, and stored with the pointer in the compressed
node. In some embodiments, the NODE-TYPE:s for the . .
nodes being pointed to may also be stored with the
pointers and the POINTER-ID.

FIG. 6 provides two examples of a compression from
a full node to a compressed node where the POINTER-
IDs and NODE-TYPEs are stored with the pointer
elements.

D. DATABASE MAINTENANCE

It may be necessary to modify the database by occa-
sionally adding new entries or deleting old ones. This
may be done by adjusting the TRIE-structure rather
than by rebuilding it.

Adding a new entry amounts to the same thing as
building a TRIE-structure inductively. Hence, an exist-
ing node may grow from a compressed node, to a full
node, or from a compressed node with fewer than four
non-NIL pointers to a compressed node without NIL
pointers.

If a compressed node grows from one with NIL
pointers to one without (or with less), a new NODE-
TYPE may need to be chosen. This may occur if the
NODE-TYPE selected using the dummy character
cannot translate the combination which includes the
newly added character. In such a situation, a new
NODE-TYPE, along with new POINTER-IDs must
be chosen.
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In some situations this re-selection process may in-
volve completely reconstructing the node. As such, it is
generally desirable to include a table of back pointers so
that parent nodes can be located and appropriately
altered.

The deletion of a database entry is accomplished
simply by locating the entry to be deleted and setting
the LEAF pointer to a NIL pointer. If, as a result of
turning a LEAF pointer into a NIL pointer, the node
once containing the LEAF pointer is reduced to a node
having all NIL pointers, then the node may be elimi-
nated and its parent pointer (which points to this node)
set to NIL. It is also possible that the number of non-nil
pointers in this node or its parent node will decrease to
below five, in which case the appropriate node may be
compressed.

It is apparent that database maintenance causes old
nodes to be returned to a list of available free memory,
and causes new nodes to be taken from a list of available
node memory.

Since there are two different size nodes, keeping
track of the available and used node memory becomes
difficult. One possible Way to maintain the available
node memory is to keep two separate memory stacks;
one for full nodes, one for compressed nodes.

An alternate method of maintaining the node mem-
ory is to use a single list of free memory. Such an ar-
rangement is illustrated in FIG. 7A. This list (70) has
two ends (72, 74) and separate pointers, P16 (76) and P4
(78), to point to each end.

When the TRIE-structure is empty, the free list is
full, and Pointer P16 (76) points to ‘N’ free full nodes.
At the same time, pointer P4 (78) points to 4*N free
compressed nodes.

As the TRIE-structure is built, compressed nodes are
taken from one end of the list and full nodes are taken
from the other end. This method of utilizing one node-
queue and two pointers provides memory savings over
the use of two separate memory stacks.

To ensure that memory is used in a compact, and
contiguous fashion, old nodes that are eliminated are
not returned to the list. These nodes are swapped with
the used nodes at the appropriate end of the list; and the
pointer is then moved one position. This is required to
prevent pointer collision and under-utilization of the
node memory stack. In this manner the memory used by
the old node is placed in the free list so as to promote
compact use of available memory.

An example of such node swapping is illustrated in
FIGS. 7B and 7C. In FIG. 7C the P16 pointer points to
Node X which is the last used node. In the example
Node Y is eliminated. 1f node swapping was not em-
ployed, node Y would be returned to its corresponding
memory location possibly resulting in fragmented mem-
ory. Such a result is pictured in FIB.7B.

FIG. 7C illustrates the advantages that can be ob-
tained through node swapping. In this example, node Y
is not returned to the memory stack but is swapped with
node X, which was the last node pointed to by P16. As
FIG. 7C illustrates how swapping allows both the used
and the free memory to remain contiguous, and thus
promotes efficient use of the available memory.

111. SEARCHING IN A COMPRESSED TRIE
DATABASE.

Once the compressed TRIE-structured database is
constructed, the search may be done in the following
manner.
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The search first begins by locating a register which
holds a pointer to the first node to be examined (the root
node). This ‘pointer’ is identical to the format of an
element in a node. As such, the pointer to the root node
may indicate that the root node is a compressed node
and, if so, the NODE-TYPE. The pointer to the root
node does not necessarily have to be a register, it is only
necessary that some particular location contain a
pointer to the root node.

First, if the node to be searched is a full node, the
search is carried out as if there were no pointer com-
pression (i.e., the character to be searched is used as
direct index into the node).

If the node to be searched is a compressed node, then
the character value (the logical value) needs to be trans-
lated into a physical address to locate the correct
pointer.

As discussed above, this translation is accomplished
through specific hardware or software associated with
each of the fifteen NODE-TYPEs. The hardware is
utilized to effect the translation scheme illustrated in the
corresponding translation matrix. Once a particular
compressed node is selected, so too is the corresponding
NODE-TYPE.

FIG. 8 illustrates one possible embodiment of the
invention. In this embodiment block 80 represents hard-
ware capable of performing the various translation
functions corresponding to the NODE-TYPEs. The
four-bit representation of the character being searched
is used as an input into the hardware block (80). Also
used as an input is the four-bit NODE-TYPE.

In response to these two signals, the translation hard-
ware (80) produces a four-bit output which corresponds
to the physical address associated with the logical ad-
dress referenced by the character to be searched. The
first two bits of this physical address are used to select
one of the four pointers in the compressed node.

The second two bits are then compared with the
POINTER-ID associated with that pointer. If the
POINTER-ID matches the second two bits of the phys-
ical address, a match is found and the search continues
at the node referenced by the pointer address. If the
POINTER-ID does not match the physical address bits,
there is no match and the search terminates (i.e., a NIL
pointer has been reached).

The translation performed by the translation hard-
ware or software is as follows. Once the NODE-TYPE
is selected so too is particular hardware or software and
a particular translation matrix. The hardware is de-
signed to perform the function illustrated by the associ-
ated translation matrix. For example, using a NODE-
TYPE input of 0001 and a character input of 0100, or
4h, the translation hardware or software would produce
an output signal of 0010. The first two bits of the output
represent the corresponding row of the translation ma-
trix (i.e., in this example, the first row (row 0)) The
second two bits of the output represent the column of
the corresponding translation matrix. In this example
the column value is 10 (binary 2) since the input charac-
ter (4h) is in the second column.

In addition to corresponding to the translation ma-
trix, the output from the translation hardware is also
used to address and verify the physical pointers in the
compressed node. In the example given above, since the
row value is 00 the pointer in the first element (row 0)
will be selected. The POINTER-ID associated with the
specific pointer will then be compared with 10, the last
two bits of the output signal. A match indicates that the
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first pointer corresponds to the character 4h, and the
search will continue. If the bits and the POINTER-ID
do not match, the search will terminate as there is no
pointer associated with the character 4h at the selected
node.

In this manner nodes constructed in the fashion de-
scribed above may be searched using only a four-bit
NODE-TYPE, and a two-bit POINTER-ID. The use
of these two codes requires only 6 (4+2) overhead bits
for each pointer element. This results in significant
memory savings compared to devices using a sixteen bit
bit-mask for index translation.

IV. IMPLEMENTATION OF THE
TRANSLATION HARDWARE

A. Hardware

As an aid for constructing a hardware implementa-
tion of the translation functions, FIG. 9 illustrates each
NODE-TYPE, its associated translation matrix, and 2
third matrix. This third matrix is known as a “Hashing”
matrix,

The construction of hardware for each NODE-
TYPE is as follows: First, the associated NODE-TYPE
is located in FIG. 9A or 9B or 9C. Next, the corre-
sponding hashing matrix is obtained. Each hashing ma-
trix represents a linear function which is implemented
through either hardware or software that maps a logical
index (i.e., the search character) to a physical index
which is used to address the corresponding element in
the compressed node having a NODE-TYPE associ-
ated with that hashing matrix.

As discussed above, each hash matrix is a representa-
tion of a particular linear map function. For the purpose
of this discussion a linear function may be described as
essentially follows: If A is set of characters (including
al and a2) and # is some non-trivial binary operator
chosen such that the result of (al # a2) is also a charac-
ter in A. A function may be defined, H(), which maps
characters from set A onto elements of a different set B.
If set B also includes a non-trivial binary operator, @,
such that (bl @ b2) is an element of B, then the function
H() is linear IF AND ONLY IF operators # and @ can
be found such that:

H(al) @ H(a2)=H(J(al # a2) for all possible elements
al and a2.

For the linear functions represented by the hashing
matrices, set A corresponds to the set of all possible
search characters (logical indices), and set B corre-
sponds to the physical indices used to address the
proper node element. Thus each hashing matrix corre-
sponds to a map function H(), mapping from the logical
indices to the physical indices.

Since the map functions represented by the transla-
tion matrices and their associated hashing matrices are
linear, a simple hardware arrangement may be derived
for each function (or NODE-TYPE since each NODE-
TYPE is associated with one of the fifteen possible map

functions).

" Although there are several possible hardware imple-
mentations for the binary operators #, and @, only the
hardware utilizing the exclusive-or (X-OR) operator
will be discussed.

The exclusive-or hardware produces a logical 1 sig-
nal whenever either of its two inputs is 1. If both inputs
are 1, or both inputs are 0, the output will be zero. FIG.
10A illustrates the conventional symbol for the exclu-
sive-or hardware. The X-ORing of more than two in-
puts may be illustrated by breaking up the input signal
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into groups of two. An example of X-ORing four inputs
is given in FIG. 10B.

FIG. 11 illustrates one possible hardware implemen-
tation of the hashing function. Once the NODE-TYPE
(90) is obtained (e.g., from the pointer in the parent
node) it is input into a look-up table (92) having 16
(2**4) entries. Each entry in the look-up table com-
prises sixteen bits representing the sixteen matrix coeffi-
cients of a hashing matrix. Thus, the look-up table pro-
duces a sixteen bit output (HO-HF) which represents
the coefficients of the hashing matrix associated with
the input NODE-TYPE. The correlation between the
look-up table output and the coefficients of the hash
matrix is illustrated in matrix (96).

Once the matrix coefficients are out put from the
look-up o table (92) they are input into the hashing
hardware illustrated in FIG. 11. Each matrix coefficient
serves as one input into one of sixteen AND gates
(98A-98P).

The character bits for the search character (C0-C3,
with CO being the most significant bit) are also input
into the hashing hardware. Each character input bit is
input into four of the sixteen and gates.

The output from the sixteen and gates is grouped into
groups of four and input into four, four-input X-OR
gates (99A). The operation of these gates is equivalent
to that illustrated in FIG. 10B. The output of the four
X-OR gates (00-03, with O0 being the most significant
bit) represents the hashed (or physical) index corre-
sponding to the input search character.

The illustrated hardware may be envisioned as a di-
rect implementation of the hashing matrix. Each group-
ing of four AND gates (each X-OR) gate may be
thought of as a separate row of the hashing matrix. Thus
the output of each X-OR gate is equivalent to the binary
matrix multiplication of the row represented by the
associated hashing bits times the column, represented
by the search character bits in columned form.

For example, given the search character 7h (0111),
and NODE-TYPE 0010, the hardware will operate as
follows.

First, the NODE-TYPE 0010 will be input into the
look-up table (92). The look-up table will yield the
associated matrix coefficients (e.g., 1010000101000010).
These matrix coefficients will be ANDed with the input
character bits to produce the input for the X-OR gates.
For this example the input to X-OR (99A) would be
0010, the input to X-OR (99B) 0001, the input to X-OR
(99C) 0100, and the input to X-OR (99D) would be
0010.

Thus the output from the hardware would be 1111, or
row 3, column 3. Referring back to FIG. 9A it may be
noticed that the character corresponding to row 3,
column 3 for the translation matrix associated with
NODE-TYPE 0010 is 7Th (which was the input charac-
ter).

Thus, given the hashing matrices for each NODE-
TYPE, the hardware implementation is quite simple.

B. Software Implementation

Alternate embodiments are envisioned wherein the
translation from logical to physical addresses takes
place through the use of software, not hardware. There
are at least two ways in which this may be carried out.

1. Matrix Multiplication

The logical to physical translation may be accom-
plished by multiplying the hashing matrix associated



5,276,868

15
with the NODE-TYPE with the four bits of the input
search character in column form. Such a multiplication
may be accomplished through known programming
techniques to yield the translated (physical) address.

For example, given a search character 7h (0111), and
NODE-TYPE 0010, the translated address may be de-
termined as follows. Software may be developed (using
traditional programming methods) to perform the ma-
trix multiplication illustrated in FIG. 12. Such a multi-
plication will yield a four bit output which is identical to
that which would be obtained using the hardware de-
scribed above.

In a like manner, a program for performing matrix
multiplication may be developed for each of the fifteen
NODE-TYPEs.

2. Look-up Table

In the alternative to using a multiplication program, a
high-speed look-up table may be employed. To obtain
the translated address, the four bit search character may
be combined with the 4-bit NODE-TYPE to yield an
8-bit address. Such an address may be used to address a
translation table having 256 (2**8) entries. Such a trans-
jation table may be accomplished by systematically
combining the NODE-TYPE with the character codes,
determining which address this would access, and stor-
ing at that address the translated address that corre-
sponds to that particular NODE-TYPE and character
combination.

V. EXAMPLE

FIGS. 13A, 1381, 13B2, 13C1 and 13C2 illustrate the
building of a TRIE-structured data base having eleven
entries. In F1GS. 13B1 and 13B2 the entries are placed
into a TRIE-structure using uncompressed nodes.
FIGS. 13C1 and 13C2 illustrate the TRIE-structure as
compressed using the method described above. In this
example, a NODE-TYPE for the following node and a
POINTER-ID for the present node are stored in each
element of each node. Also in this example, LEAF
nodes are provided for any entry equal to 0, 1, or 2. For
full nodes, the POINTER-ID bits are irrelevant.

FIG. 14A illustrates a search that may be done on the
exemplary database for the search word 6D3. As a
match is found for this search word, the search termi-
nates in a LEAF node.

In FIG. 14B the same database is searched using a
different search term, EA9. Here, a corresponding
entry can't be found, and the search terminates at node
D where the POINTER-ID is found not to match the
generated translated address.

VI. SPECIFIC IMPLEMENTATION

In the discussion below, it is assumed that path com-
pression as per the above referenced application is em-
ployed.

FIGS. 15A-5F illustrate one specific embodiment of
the present invention. The embodiment illustrated is
capable of holding at least 30K of entries. There are
32K terminal nodes and 30K transition nodes. 2K of the
transition nodes may be mapped to provide additional
memory 10 support proper parsing for a specific imple-
mentation (e.g., for ISO 8348/AD2 format network
addressing). Attempts to address the mapped nodes are
interpreted as NIL-nodes. In this embodiment path
compression, as well as pointer compression is imple-
mented.

FIG. 15A illustrates the memory arrangement uti-
lized in the present invention. Seven 1Meg. SRAMS’s

20

25

30

38

40

45

50

55

60

65

16
are arranged as follows: six 256K *4 chips are arranged
as a 256K*24 memory bank; and a seventh SRAM is
employed as a 128K*8 memory bank. The 256K*24
memory bank is know as the String/Pointer memory.
The 128K *8 memory bank is known as the Control/Ex-
tension Word memory.

The String/Pointer memory is divided into two
banks of 128K *24. The upper bank is called the “pointer
bank” and is considered to be a contiguous region of
32K of compressed nodes. This region is addressable by
an address of 15 node-address bits. A sixteenth address
bit is used to indicate whether the node is a transition
node (a node pointing to another node), or a terminal
node (a node indicating the end of a search). This six-
teenth bit makes for a total of 64K of addressable com-
pressed node.

The lower bank in the String/Pointer bank is known
as the “string bank.” This bank is divided into 64K of
dual words, each dual word associated with one of the
64K addressable nodes. Each dual word consists of a
first string word, and a second string word. The use of
string words is discussed in the co-pending application
entitted COMPRESSED PREFIX MATCHING
DATABASE SEARCHING and will not be discussed
herein.

The 128K*8 memory bank is known as the control-
/extension word memory. This memory bank is divided
into 64K of dual words, each dual words associated
with one of the addressable compressed nodes. The
control/extension words are used in path compression
and are discussed in the above-referenced patent appli-
cation.

FIG. 15B1 illustrates the division of the 24-bit point-
ers which are stored in the string/pointer memory.
Each four node parity bit, and a String bit. The parity
bit is used to ensure that the pointer is stored correctly,
while the String bit indicates that a path compression
string is stored at the next node. For the purposes of this
illustration, it is assumed that the String bit is not set, i.e.,
a path compression string is not stored at the next node.
A discussion of proper operation when the String bit is
set is contained in the above referenced application.

After the P and S bits is located the two-bit POINT-
ER-ID for the element. Following the POINTER-ID is
the pointer to the next node. This pointer comprises
16-bits. The first (most significant) bit is known as the
TN. If this bit is set, it indicates that the next node is
terminal node.

The 15-bits following the TN bit comprise the least
significant bits of the next node. As discussed above, 2K
of transition nodes may be mapped for parsing applica-
tions. If this is done addresses of 0000h through 07FFh
are interpreted as NIL-nodes, and pointers with values
in this range are NIL-pointers. If a 16 element node
(Full Node) is to be addressed, the last two least signifi-
cant bits of the pointer should be set to zero.

Following the pointer is the 4-bit NODE-TYPE for
the next node. A NODE-TYPE of 0000 indicates that
the next node is a Full node. If the pointer indicates that
the next node is a terminal node or a NIL, the NODE-
TYPE bits are irrelevant.

FI1GS. 15B2, 15B3 and 15B4 describe the bit repre-
sentations for the control/extension words and the
string words.

FIG. 15C is a schematic representation of one em-
bodiment of the present invention.

The counter/extension word memory (100), register
(101), String Compression Logic (102), and AND gate
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(103) are all utilized in path compression. As discussed
above, for this illustration it is assumed that each node is
a full node or a compressed node with more than one
non-NIL elements. As such, AND gate (103) will al-
ways produce a 0, indicating that pointers (as opposed
to string words) are to be fetched.

Registers (104) and (105) are used to clock in the next
pointers and the next character to be searched. The
search characters (106) comprise a four bit portion of
the data string being searched. As discussed above, each
pointer is a 24-bit entity stored in the String/pointer
memory (108). Register (105) is used to clock in each
pointer at the same time as the search character is
clocked in.

The 24-bit pointer signal is applied to String Compar-
ison Logic (102) and the holding register (109). The
holding register o is enabled by a signal (110) indicating
whether the fetched entity represents a pointer or a
string. For the purposes of this illustration, the holding
register will always be enabled.

The S-bit of the 21-bit signal (111) is used as an input
into AND gate (103). As discussed above, in this exam-
ple the S-bit will always equal 0.

The 4-bits of the pointer signal representing the
NODE-TYPE are applied to both Zero Detector (112)
and NODE-TYPE Look-up (113). Zero Detector (112)
produces a 1 whenever the NODE-TYPE input equals
0000. Thus when a Full node is to be addressed (i.e.,
NODE-TYPE =0000) the signal from Zero Detector
(112) will be ‘1" A ‘0’ signal indicates that the next node
to be addressed is a compressed node. The output from
zero detector (112) is applied as an input to register
(130) 10 serve as an input for the next clock cycle (Block
B).

NODE-TYPE Look-up (113) employs conventional
logic to convert the 4-bit NODE-TYPE into a 16-bit
signal indicative of the translation matrix associated
with that NODE-TYPE. Hash Logic (114) performs a
hashing operation on the 4-bit search character input.
The output from Hash logic (114) includes two column
bits (115a) and two row bits (1155). As may be seen, the
hashed column bits are applied to register (130) to serve
as an input for the next clock cycle. (See block A)

The two row bits (1154) are combined with the two
least significant bits of the pointer address to yield a
4-bit input into multiplexer 116. The second input into
multiplexer (116) comprises the un-hashed bits of the
input search character.

Multiplexer (116) responds to the signal produced by
zero detector (112). A ‘I’ from zero detector (112) will
cause the unhashed character bits to pass through multi-
plexer (116). This would be the case if a full node was to
be addressed. A ‘0' from zero detector (112) selects the
two row bits along with the two least significant bits of
the pointer address. This would be the case if the next
node was a compressed node.

The output from multiplexer (116) is feed into a sec-
ond multiplexer (117). This multiplexer is used to select
whether a pointer or a compression string is to be se-
lected next. The output from AND gate (103) is used as
the select signal for mux (117). As discussed above, it is
assumed for this example that only pointers are to be
addressed. As such, the select input to multiplexer (117)
will be a ‘0’ and the output from multiplexer (116) will
be chosen.

At junction (118) the last two least significant pointer
address bits (along with the TN bit and the fetch string
word bits) are recombined with the first 13 address bits
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following the TN bit of the pointer address. Also at this
point the TN bit (along with other bits relevant to path
compression) is recombined into a 17-bit signal (119). A
portion of this signal is applied to terminal/NIL-detec-
tor logic (120).

Terminal/NIL-detector logic determines if the next
node is a terminal node (i.e., TN ="1"). If the next node
is a terminal node, a ‘1" will be produced at output
(1202) indicating that the search is completed. A termi-
nal node is a node pointed to by a LEAF pointer. If the
pointer address is within the mapped range (e,
0000-07FF), terminal logic (120) will produce a signal
at output (1205) indicating that there is no match in the
database, and that the search should terminate.

The 17-bit signal is also applied to the control/exten-
sion memory (100) which is not utilized in the present
example.(See block D)

The output from multiplexer (117) is combined with
the first thirteen address bits following the TN bit of the
pointer address (i.e., the “middle” thirteen significant
bits).

As noted above, the output of multiplexer (117) may
comprise:

(a) the four character bits [full node next], or

(b) the two row bits and the last two least significant

address bits [compressed node next].

This 17-bit signal is combined with the output from
AND gate (103) to produce an 18-bit signal (122). The
output from gate (103) indicates whether the next ad-
dress is a pointer address or a string address. As dis-
cussed, in this example gate (103) will always output a
‘0.

This 18-bit signal (122) is applied to the string/pointer
memory (108). This signal used to address the next
pointer element in the string/pointer memory (108).
(See block C)

The two column bits (115a) from hash logic (115) are
combined with the signal from zero detector (112), and
gate (103) to produce the four bit signal (123) (blocks D,
A, B). This four bit signal indicates: (1) the hashed col-
umn value for the next pointer, (2) whether the next
address is for a pointer or a string (in this case always a
pointer), and (3) whether the next node contains 16
elements or a 4 elements. This signal (123) is applied to
register (125).

When control register (125) is clocked, the four-bit
signal (123) is allowed to pass through the register (125).
The hashed column bits are compared at element (126)
with the POINTER-ID bits of the pointer that was
clocked in through register (105). If the bits do not
match, a NIL pointer is indicated and a STOP signal
will be produced at AND gate (127) i the other control
bits indicate that a compressed node is being addressed
(i.e., signals indicate a 4 node and a pointer).

FIG. 15D and 15E illustrate the operation of the
above described circuit. For ease of illustration, it is
assumed that a search is already underway, and that at
the time of FIG. 15D, character X, (Char.X), is the
current output of register (104). The output of register
(105), Pointer.X—1, is the pointer to the node that
Char.X will index into. This pointer is labeled X—1 as
it was selected at a previous time by a preceding charac-
ter and a parent node. For this example, Pointer. X —1
resides in a full node. The output of register (130) in-
cludes four bits which include the Full/Compressed bit
(F/CB.X — 1), which indicates that Pomter.X—1 re-
sides in a full node, and the Hashed column bits
(HCB.X—1) indicating the hashed column bits for
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Char.X —1, and the string/pointer bit which indicates
whether the fetched entity is a string or column.

The input to register (104), Char. X+ 1, represents the
search character which will be used as an index into the
node pointed to by the element indexed by Char.X.

The input to register (105) is produced by the above
described logic in response to Char.X (the current
search character), and Pointer.X —1 (the pointer point-
ing to the node to be indexed by Char.X). As such the
input to register (105) represents the address of the node
to be indexed by Char. X +1.

The input to register (130) comprises 4-bits including
the Full/Compressed Bit ,F/CB.X, which indicates
whether the next pointer (pointer.X) will point to a full
or compressed node. Another input to register (130) is
the two bit representation of the hashed column bits of
Char.X, HCB.X.

For the purposes of illustration, it is assumed that
Pointer.X —1 indicates that the next node to be ad-
dressed is a compressed node. As such, the F/CB.X will
be a ‘0’ indicating that the next node is a compressed
node. As discussed above, pointer. X —1 includes four
bits indicating the NODE-TYPE of the node to be
examined by Char.X. In response to this signal, NODE-
TYPE look-up (113) and hash logic (114) produce the
hashed column bits of Char.X which are input into
register (130) for comparison in the next cycle.

When the three registers, are clocked, the signals will
be as illustrated in FIGS. 15F1 and 15F2. Register (104)
will clock Char.X+1 into the system. Char.X+2
moves up into next position.

Register (105) clocks in the pointer element ad-~
dressed by Char.X. This pointer is labeled pointer.X.
Register (130) clocks in the hashed column bits of
Char.X and an indication that pointer.X is located in a
compressed node (F/CB.X).

The Pointer.X, clocked in by register (105) includes
the POINTER-ID for that particular element. In the
same clock cycle, the hashed column bits of Char.X are
clocked in through register (130). As such the bits may
be compared at comparator (160). If the bits do not
match, a signal is generated indicating that the search
should terminate.

As may be noticed, pointer.X includes the address for
the node to be indexed by Char.X+1, as well as the
NODE-TYPE for that node. Thus, the hashing logic
may be employed to generate the appropriate column
bit for comparison in the next cycle.

By periodically clocking the circuit of FIG. 15 a
search of the database may be effected. This search will
continue until the Terminal/Nil detector detects a ter-
mination point, the POINTER-ID/Column comparator
indicates a mismatch, a parity error occurs, the charac-
ters of the search object are exhausted, or a string mis-
match occurs.

FIGS. 15F1 and 15F2 illustrate the above-described
embodiment of the invention with the output and input
blocks combined.

While the present invention is concerned with search
words divided into 4-bit characters and compressed
nodes comprising only 4-elements, it is envisioned that
the described method and apparatus may be adapted to
operate on string words of different length and com-
pressed nodes of different sizes.

To accommodate such changes, the compressed node
sizes must be some power of two. For example, if a
compressed node of eight elements is desired, the trans-
lation matrix would be eight rows each of two columns.
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Hence, the POINTER-ID should be reduced to one bit
(to indicate column 0 or column 1). For a compressed
node of two elements, the translation matrix would be
two rows of eight columns. As such, a three bit POINT-
ER-ID would be required.

Translation matrices would have to be developed and
assigned a NODE-TYPE to enable all possible arrange-
ments of the two or eight characters to be described.
For example, to support two element nodes, only four
new translation matrices are required. This would entail
NODE-TYPE:s of only two bits. Each translation ma-
trix would cover 8*8 =64 possible pairings of characters
at a two-node. Although there are only 120 possible two
character combinations, {16-chose-2 or 16!/(14! * 2)}
four translation matrices would be required to compen-
sate for the necessarily high overlap.

To support cight-element nodes would require far
more translation matrices. For eight elements there are
12,870 possible character combinations (16-chose-8 or
161/(8! * 81)). Each 8x 2 translation matrix could cover
2*#8-256 possible combinations. Thus the lower
bound for eight element translation tables would be
12780/256 or 51. However, since it is impossible to
produce truly orthoginal translation matrices, the actual
number may be in the range of 60-80 resulting in a need
for 7-bit NODE-TYPEs.

Hardware or sofiware configurations could then be
developed for each translation matrix using the above
described methods.

The two element nodes and the eight element nodes
should be implemented only as extensions to a structure
having four nodes and sixteen nodes (i.e., the 2 and 8
element nodes should be used only in conjunction with
16 and 4 element nodes). The two and the eight element
nodes should be used together. To use the eight-element
node without the two-element node (or vice-versa)
would provide no benefit in the worst case.

I claim as my invention:

1. In a digital data processing system, a method for
compressing a TRIE-node having sixteen pointer ele-
ments of which less than five are non-NIL pointer ele-
ments, where each pointer element is associated with a
unique hexadecimal number 0-F, the method compris-
ing the steps of:

(a) selecting a unique 4-bit code for each non-NIL
pointer element such that no two 4-bit codes share
the same first two bit combination;

(b) combining each non-NIL pointer element with
the second two bits of the respective 4-bit code to
yield a compressed pointer element; and

(c) storing the compressed pointer elements in the
order established by the binary values of the first
two bits of the respective 4-bit codes to create a
compressed TRIE-node.

2. The method of claim 1 wherein the 4-bit codes in

step (a) are selected by:

(al) generating one or more translation matrices such
that each translation matrix is a four-by-four matrix
whose elements consist of the sixteen hexadecimal
numbers 0-Fp;

(a) selecting one of the generated translation matrices
such that each hexadecimal number associated
with a non-NIL pointer element is in a distinct row;

(a) selecting the 4-bit code for each non-NIL pointer
element such that the first two bits represent the
binary value of the row in the selected matrix
where the hexadecimal number corresponding to
the non-NIL pointer element is found and where
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the second two bits represent the binary value of
the column of the selected matrix where the hexa-
decimal number corresponding to the non-NIL
pointer element is found.

3. The invention of claim 2 wherein 15 translation
matrices are generated.

4. The invention of claim 2 wherein the generated
translation matrices are linear.

5. The method of claim 2 wherein a unique digital
code identifier is assigned to each of the generated
translation matrices and step (c¢) further includes the
step of:

(cl) storing in a digital memory a representation of
the digital code identifier assigned to the selected
translation matrix.

6. The invention of claim § wherein step (al) includes

generating one or more of the following translation
matrices and digital code identifiers:

DIGITAL CODE TRANSLATION
IDENTIFIER MATRIX

0001 0 3 4 7
2 1 6 5

8 B C F

A 9 E D

0010 0 A 4 E
1 B 5 F

] 2 C 6

9 3 D 7

0011 0 7 8 F
2 5 A D

4 3 C B

6 1 E 9

0100 0 9 6 F
4 D 2 B

8 1 E ?

C 5 A 3

0101 0 B 4 F
2 9 6 D

8 3 C 7

A 1 E 5

0110 0 A C 6
1 B D 7

8 2 4 E

9 3 5 F

ot [ 1 2 3
4 5 6 7

B 9 A B

¢ D E F

1000 0 1 8 9
2 3 A B

4 5 ¢ D

6 7 E F

1001 4] 2 C E
1 3 D F

4 6 8 A

5 7 9 B

1010 0 5 2 7
4 1 6 3

8 D A F

C 9 E B

1011 0 1 ¢ D
2 3 E F

4 5 8 9

6 7 A B

1100 0 S 8 D
2 7 A F

4 1 C 9

6 3 E B

1101 0 9 A 3
4 D E 7

8 1 2 B

C 5 6 F

1110 0 D 6 B
4 9 2 F

8 5 E 3

C 1 A 7

it 0 5 E B
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-continued
DIGITAL CODE TRANSLATION
IDENTIFIER MATRIX
4 1 A F
8§ D 6 3
c 9 2 1

7. In a digital processing system, a method of com-
pressing a TRIE-node having sixteen pointer elements
for positions represented by the hexadecimal characters
0, through F respectively, of which less than five of
said pointer elements are non-NIL pointer elements,
said method comprising the steps of:

(a) generating fifteen linear translation matrices hav-
ing matrix values of 0y through E,, respectively
such that each translation matrix is a four-by-four
matrix whose elements include all of the sixteen
hexadecimal characters;

(b) selecting one of the generated translation matrices
such that each hexadecimal character representing
the position of a non-NIL pointer element is in a
distinct row;

(c) assigning a 4-bit code to each hexadecimal charac-
ter assigned to a non-NIL pointer element such that
the first two bits represent the binary value of the
row, and the second two bits represent the binary
value of the column, of the position in the selected
translation matrix where the hexadecimal charac-
ter is found.

(d) ordering the non-NIL pointer elements according
to the binary values of the first two bits of their
respective 4-bit codes;

(e) combining each non-NIL pointer element with the
second two bits of the 4-bit code assigned to its
associated hexadecimal character to yield a com-
pressed pointer element; and

(f) storing the compressed pointer elements in the
order established in step (e}, thus creating a com-
pressed node; and

(g) storing in a digital memory the matrix value of the
selected translation matrix. .

8. A method for terminating the search of a comput-
erized database having compressed TRIE-nodes with
one or more elements, each element including an ele-
ment identifier, given a search character and a node
address, where each TRIE-node may be one of several
node types, the method comprising the steps of:

(a) receiving the node address, where the node ad-
dress indicates the node to be searched and the
node type of the node to be searched;

(b) receiving the search character to be searched at
the node referenced by the node address;

(c) generating a hashed value in response to the
search character and the node type of the node to
be searched, where the hashed value comprises a
first portion and a second portion;

(d) generating a element address on the basis of the
address of the node to be searched and the first
portion of the hashed value;

(e) selecting a pointer element in response to the
element address;

(f) comparing the element identifier of the selected
element with the second portion of the hashed
value and terminating the search if the element
identifier and the second portion do not match.

9. Apparatus for terminating the search of a TRIE-

structured database having a compressed node given an
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input search character and a bit field having a value
representing the compressed node; the compressed
node containing node elements having both a pointer
and a pointer identifier, the apparatus comprising:

(a) first logic means responsive to the bit field repre-
senting the compressed node for generating a trans-
lation bit-field for the node;

(b) second logic means connected to the first logic
means and responsive to both the translation bit-
field and the input search character for generating
a translated address; the translated address com-
prising a first part indicating the address of an ele-
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ment in the compressed node and a second part
corresponding to the search character;

(c) addressing means connected to the second logic
means for receiving the translated address and
addressing the node element indicated by the first
part of the translated address; and

(d) comparison means connected to the second logic
means and the addressing means for comparing the
second part of the translated address with the
pointer identifier portion of the node element ad-
dressed by the addressing means; the comparison
means generating a signal to terminate the search if
the second part of the translated address does not

match the pointer identifier portion.
* * * * %
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